The purpose of this study was to compare the Pencil Beam (PB) with Monte Carlo (MC) calculated dosimetric results using phantoms for air cavity region. Measurements in Tough water phantom with air gaps were used to verify the calculated dose. The plane-parallel ionization chamber was moved from 2 mm to 20 mm behind air gap. Calculations were performed for various air gaps (1.0, 2.0, 3.0 and 4.0 cm) and field sizes (4.2 × 4.2, 6.0 × 6.0 and 9.8 × 9.8 cm 2 ). The lateral missing tissue measurement was performed using the radiochromic RT-QA film. Dose difference between PB and chamber measurement near an air gap was greater for smaller field size, larger air gap thickness, and shallower depth behind air gap. As the distance from the phantom edge became shorter, the dose differences of the PB calculation and film measurement became larger. MC calculations were found within 3% agreement to the measured dose distributions. Our results demonstrate an excellent agreement between ionization chamber and radiochromic RT-QA film measurements and MC calculations.
Introduction
The effect of heterogeneous corrections is an important issue that has increasingly drawn the attention of the medical physics community for last several years. In the report of Task Group No. 65 of the Radiation Therapy Committee of the American Association of Physicists in Medicine, inhomogeneity correction algorithms were categorized according to the level of anatomy sampled for scatter calculation and the inclusion or exclusion of electron transport [1] . The two photon dose algorithms available with the iPlan RT Dose (Brainlab, Munich, Germany) are the Pencil Beam (PB) and the Monte Carlo (MC) algorithms. Hurkmans et al. reported the limitations of dose calculations in the case of head & neck tumor using the PB algorithm [2] . MC algorithm was able to predict the dose distributions with a higher accuracy [3] . Many researchers have investigated the effect of air cavities on the dose distribution and dose reduction near air cavity, depending on geometry, beam energy, and field size using various MC codes in water equivalent phantoms [4] [5] [6] [7] .
Fragoso et al. performed an experimental verification of the iPlan v. 4.1 MC algorithm, using water-, lung-and bone-equivalent materials to investigate the differences between measured and calculated dose distributions [8] . However, reports of PB and MC calculations for air cavity using commercial treatment planning system are lacking. The purpose of this study was the evaluation and commissioning of iPlan RT MC Dose algorithm for air cavity region. We compared the calculated dosimetric results between PB and MC algorithms using phantoms. In addition, we also compared the results of dose differences between PB and MC algorithms for maxillary cancer patient. Figure 1 shows the schematic of the experimental setup for dose measurements. Tough Water phantom of 3 and 20 cm thickness was used above and below the air gap, respectively. Source-to-surface distance (SSD) was set at 950 mm. Tube voltage of 120 kV was used in the computer tomography scans to produce a group of images of 512 × 512 pixels, with the slice thickness of 1.25 mm. Markus parallel-plate ionization chamber (PTW, Freiburg) was used to measure depth dose distributions and dose profiles were measured using Gafchromic RTQA film. The plane-parallel ionization chamber was moved in 1 mm steps from 2 mm to 10 mm and in 2 mm steps from 10 mm to 20 mm behind the air gap. Central axis depth doses were measured with two different approaches. At first, the field size was kept constant to 4.2 × 4.2 cm 2 and thickness of air gap was varied from 1.0 cm to 4.0 cm with the increments of 1.0 cm. Then, the thickness of air gap was kept fixed to 3.0 cm for field sizes of 4.2 × 4.2, 6.0 × 6.0 and 9.8 × 9.8 cm 2 . The radiochromic RTQA (ISP Corp, Wayne NJ, USA) film was inserted into Tough Water phantoms using a constant field size of 9.8 × 9.8 cm 2 . Epson Expression 1680 desktop flat-bed document scanner was used. Calibration curve was created in the following fashion: One sheet of film was cut into 3.0 × 3.0 cm 2 pieces and 6 pieces of film were irradiated to establish each calibration curve. Pieces of film were exposed to 50, 100, 150, 200, 250, 300 monitor units, respectively.
Materials and Methods
The plan was calculated with the iPlan RT Dose ver. 4.1.2 treatment planning system. Monitor units (MU) were determined from the prescribed dose to the isocenter, based on the PB algorithm. The plan was recalculated using MC algorithm while keeping the same planning parameters for beam arrangement, leaf positions, isocenter, position, and monitor unit, using the full MLC geometry simulation 'Accuracy Optimized Model' with a spatial resolution of 2 mm and variance of 1%. The 6 MV photon beam energy was used from Novalis shaped beam radiosurgery unit (Brainlab, Munich, Germany). The charge for 200 MU was measured three times for each position of the ionization chamber and the average of these measured values was used.
We selected the treatment plan of a patient who had been treated with Intensity-modulated radiation therapy (IMRT) for squamous cell carcinoma of maximally sinus. The gross tumor volume (GTV) was defined as the visualization of any gross disease. The clinical target volume (CTV) was defined as the GTV plus a 1 mm margin. The planning target volume (PTV) was defined as the CTV plus a 2 mm margin to account for tumor motion and setup uncertainty. GTV, CTV and PTV sizes were 1.5, 2.7 and 4.4 cc, respectively. A dose of 50 Gy in 10 fractions was prescribed to 95% of the PTV (D95) with PB algorithm in this case. We recalculated the planned dose using MC algorithm while keeping the same number of MU per beam. A dose-volume histogram (DVH) analysis was performed for GTV, CTV and PTV. The brainstem, optic chiasm, eyes, and optic nerves were contoured as organs at risk (OARs). The following dose indices were used to evaluate the plan quality. a) PTV D95; the minimum relative dose that covers 95% of the volume of the PTV. b) PTV V95; the relative volume of PTV that receives at least 95% of the prescribed dose. c) GTV D99 CTV D99; the minimum relative dose that covers 99% of the volume of the GTV and CTV, respectively. Figure 3 shows the calculated and measured data for various field sizes with a fixed air gap of 3 cm. A direct relationship can be observed between calculated dose and field size with fixed air gap. PB calculated results did not match the measured data in re-build up regions. At 2 mm depth, the calculated results by the PB algorithm were 16.1% higher, whereas, MC calculated results were only 0.8% higher than measured dose with field size of 4.2 × 4.2 cm 2 . Figure 4 shows the calculated and measured data for various air gaps with a fixed field size of 4.2cm. An inverse relationship can be observed between calculated dose and air gap with fixed field size. PB calculated results did not match the measured data in re-build up regions. At 2 mm depth, the calculated results by the PB algorithm were 20.4% higher, whereas, MC calculated results were only 3.8% higher than measured with air gap of 3.0 cm. Figure 5 shows the dose distributions calculated using PB and MC algorithms, and calculated and measured dose profiles in a water phantom for 9.8 × 9.8 cm 2 field size with lateral missing. Significant dose difference can be observed between PB and MC calculations near to the air gap. The PB results were 7.5% higher and MC results were 1.3% higher than measured dose at 10 mm from the phantom edge. As the distance from the phantom edge became shorter, the dose differences of the PB calculations became larger. The MC calculations and film measurements were in good agreement. Figure 6 shows the comparison of dose distributions and DVHs for the PB and MC calculated plans. For PB calculated plan, the dose distribution was more homogeneous than MC calculated plan. The Table 1 compares the PB and MC calculated plans with regard to the PTV, CTV and GTV. D95 of the PTV, D99 of the GTV and D99 of the GTV using the MC algorithm were on average 26.4%, 30.7% and 25.8% lower than those with the PB algorithm, respectively. For OARs, the dose difference between PB and MC calculations is small.
Results
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Discussions
The results of the present study indicate the calculated dose differences between PB and MC algorithms. For both algorithms, the calculated dose increases with increasing field size. For MC algorithm, this effect is more significant in re-build up region showing a non-linear curve. For PB algorithm, this effect is comparatively less air gap showing a non-linear curve. The PB algorithms are able to account for the change of primary transmission in heterogeneous media with relatively simple algorithms, but cannot account for loss of electronic equilibrium at near tissue-air interfaces. MC algorithms model the actual physical processes leading to a dose deposition, including secondary electron distribution [9] . The reduction in dose to the points located beyond the air gap is due to a reduction in scattered radiation, produced in the material placed before the air gap. The loss in scatter contribution to the point of measurement is due to the lateral spread of the scattered radiation within the air gap. A re-build up region occurs as electrons are once again generated in water-equivalent material. Allen et al. reported that the dose reduction near an air cavity was greater for smaller field size, higher energy, larger air cavity size, and shallower depth in water where the air cavity was situated [10] . Klein et al. results showed that following a 2.0 cm wide air channel for a 4 MV X-ray with 4 × 4 cm 2 field, there was an 11% under dose at the distal interface, while a 2.0 cm cubic cavity yielded only a 3% loss [4] . Petoukhova et al. reported an excellent agreement of i Plan RT Dose MC calculation with the experimental data for phantoms with air cavities [11] .
Behrens reported that the build-down effect was much smaller than the build-up effect and therefore not as important [12] . The dose reduction near an air cavity would have a negative clinical impact in a treatment if the region adjacent to the cavity consists of the target. Wang et al. employed the MC algorithm to assess the degree to which tissue inhomogeneities in the head & neck affect static field conformal treatment plans. They concluded that the pencil-beam calculation corrected for primary attenuation by the equivalent path-length is a sufficiently accurate method for head & neck treatment planning using 6-MV photons [13] . Yoon M et al. showed that when the beams pass through the oral cavity in anthropomorphic head & neck phantom, the average dose difference becomes significant, revealing about 10% dose difference to prescribed dose at the isocenter [14] . Waldron et al. reported significant local recurrence rate of malignant disease in two separate retrospective trials involving 29 ethmoid sinus and 110 maxillary antrum cancer cases treated with curative intent. In these studies they expressed concern about the risk of local control of disease due to potential under dose of the target because of the physical uncertainties of the dose distribution achieved in irradiating large air cavities [15, 16] . The limitation of this study was to use one beam irradiations. However, in a realistic therapy, a combination of multiple numbers of sub-fields within fields from multiple beam directions is used. Thus, the magnitude of interface dose reductions will likely be smaller than those for the limited number of radiation fields used in this study.
Conclusion
In conclusion, comparison of the depth dose and dose profiles between the measurements and MC calculations near air gap demonstrates excellent agreement concerning different air gaps and field sizes. We recommend that MC algorithm should be employed for accurate dose calculations in the presence of air cavity.
